The presence of large-amplitude, slow waves in the EEG is a primary characteristic that distinguishes cerebral activity during sleep from that which occurs during wakefulness. Although sleepactive neurons have been identified in other brain areas, neurons that are specifically activated during slow-wave sleep have not previously been described in the cerebral cortex. We have identified a population of cells in the cortex that is activated during sleep in three mammalian species. These cortical neurons are a subset of GABAergic interneurons that express neuronal NOS (nNOS). Because Fos expression in these sleep-active, nNOS-immunoreactive (nNOS-ir) neurons parallels changes in the intensity of slow-wave activity in the EEG, and these neurons are innvervated by neurotransmitter systems previously implicated in sleep/wake control, cortical nNOS-ir neurons may be part of the neurobiological substrate that underlies homeostatic sleep regulation.
S
leep is well known to have recuperative properties (1) and to facilitate performance of learned behaviors (2, 3); conversely, sleep deprivation results in cognitive and performance deficits (4) . The presence of large-amplitude, slow waves in the EEG is the hallmark that distinguishes cerebral activity during sleep from wakefulness. Because the intensity of slow waves measured in the delta range of the EEG (1.0-4.0 Hz) appears to be homeostatically regulated and proportional to prior wake duration (5), slow-wave activity (SWA) has been hypothesized to be associated with the restorative function of sleep and with synaptic plasticity (2, 3, 6) .
The neural circuitry underlying SWA involves a corticothalamocortical loop and interplay between a hyperpolarizationactivated cation current (I h ) and a low-threshold Ca 2ϩ current (I t ) in thalamocortical neurons (7, 8) . It is currently unknown whether the cerebral cortex is an active participant or simply a passive conveyor of sleep history-dependent SWA dynamics. Identification of a discrete sleep-active population of cortical neurons, such as those in the basal forebrain (BF) (9) and the preoptic-anterior hypothalamus (POAH) (10) (11) (12) (13) , would help distinguish between these alternatives.
In experiments conducted in three mammalian species, we found that GABAergic interneurons expressing the enzyme neuronal NOS (nNOS) are activated both during spontaneous sleep and during recovery sleep (RS) after sleep deprivation (SD). The proportion of nNOS-immunoreactive (nNOS-ir) neurons that are activated during sleep is correlated with a measure of SWA intensity known as ''delta energy'' (14, 15) . Because sleep-active, nNOS-ir neurons are innervated by neurotransmitter systems previously implicated in sleep/wake control, cortical nNOS-ir neurons may be a previously unrecognized cell type involved in SWA and part of the neurobiological substrate that underlies homeostatic sleep regulation.
Results

Fos Expression Is Increased in Cortical nNOS Neurons During RS.
Fos expression has previously been used to identify sleep-active brain areas within the POAH, specifically, the ventrolateral (10) and median (12) preoptic areas. We used this methodology in conjunction with immunolabeling for phenotypic markers to identify specific neuronal populations that are active during sleep in three rodent species [see supporting information (SI) Fig. S1 for a schematic of the experimental protocols]. In the course of these studies, we observed that a population of cerebral cortex neurons which express nNOS showed greatly elevated Fos expression during RS after a period of SD. These ''sleep-active'' nNOS-ir neurons were intensely stained, typically had a bipolar or multipolar shape, were Ϸ10-15 m in diameter, and were located throughout all cortical layers. These anatomical features of nNOS-ir neurons ( Fig. 1D ) are very similar to those reported (16, 17) . We also observed a large number of weakly stained nNOS cells in the cortex. Because immunostaining of weakly stained cells did not reliably label cellular processes, and thus did not allow unequivocal determination of immunostained neurons from background signal, further analyses were performed only on intensely stained nNOS-ir cells.
As indicated in Fig. 1 and Fig. S2 , the number of Fos ϩ /nNOS-ir neurons in the rat cortex is greatly increased during RS, a period typically associated with reduced wakefulness, increased total sleep time ( Fig. 1 A) , and increased SWA during nonrapid eye movement (NREM) sleep (Fig. 1B) . Because nNOS-ir neurons are found in multiple cortical regions and in other brain areas, we evaluated the regional variation of Fos expression in nNOS-ir neurons. Fos ϩ /nNOS-ir double-labeled cells were found in multiple cortical regions and in multiple cortical layers during RS, whereas very few double-labeled cells were observed during SD ( Fig. 1 C and D) . Fig. 1E demonstrates the significant increase in Fos ϩ /nNOS-ir cells in all cortical regions examined. The proportion of double-labeled cells also increased during RS in the caudate-putamen, however, the proportion was smaller in this brain region than in any cortical area examined. The percentage of double-labeled cells did not differ between RS and SD in the perifornical area of the hypothalamus (Fig. 1E) , a region in which wake-active cells are located.
To evaluate the generality of the increase in Fos expression in nNOS-ir cells during RS, we performed a similar experiment in mice. The majority of nNOS-ir neurons were concentrated in layers V and VI in the mouse cortex rather than being more diffusely distributed among cortical layers as in the rat. Nonetheless, an increased proportion of Fos ϩ /nNOS-ir neurons was found during RS relative to wakefulness in all eight cortical areas examined (Fig. 2) . In the mouse caudate-putamen, the percentage of double-labeled cells was significantly higher in the posterior part during RS, but not in the anterior part (Fig. 2C ).
Fos Expression Is Increased in Cortical nNOS
Neurons During Spontaneous Sleep. The above results indicate that nNOS-ir neurons in the cortex are activated during RS when SWA is high, but do not address whether nNOS-ir neurons are active during spontaneous sleep. To determine the relationship between various sleep parameters and nNOS cell activation, we measured Fos expression in nNOS-ir neurons in spontaneously sleeping mice. Although the amounts of both NREM and REM sleep were similar in mice during the 2.5 h before death at ZT2.5 and ZT8.5 (Fig.  3A) , the proportion of Fos ϩ /nNOS double-labeled cells was significantly higher in mice killed at ZT2.5 when SWA was high, than at ZT8.5 when SWA was low (Fig. 3B) . On the other hand, the proportion of Fos ϩ /nNOS double-labeled cells was low at ZT14.5 ( Fig. 3B ) when the few bouts of NREM sleep interspersed between sustained waking periods were characterized by high levels of SWA relative to baseline (Fig. 3A) , so the correlation with SWA was not perfect. Because Fos expression depends on Ca 2ϩ -dependent phosphorylation of CREB, we reasoned that a sustained period of NREM sleep with high SWA might be necessary for intracellular Ca 2ϩ to accumulate in nNOS neurons and for transcription and subsequent translation of Fos to be initiated. NREM delta energy is a parameter that integrates both SWA and NREM sleep time (14, 15) . The proportion of Fos ϩ /nNOS double-labeled cells was highly correlated with NREM delta energy during the 2.5 h before the animals were killed (R ϭ 0.61, P Ͻ 0.005), more highly correlated than with either NREM sleep time (R ϭ 0.33, P ϭ 0.156) or SWA (R ϭ 0.35, P ϭ 0.125) alone. Assessment of different regression models identified the exponential y ϭ 1Ϫe Ϫbx as the best fit (R ϭ 0.80, P Ͻ 0.0001) for the relationship between NREM delta energy and the proportion of Fos ϩ /nNOS cortical neurons, indicating a nonlinear, asymptotic relationship between these parameters (Fig. 3B) . The number of nNOS-ir neurons did not change across the 24-h period (Fig. S3) .
A similar profile of Fos expression in nNOS-ir neurons was observed in a third mammal, the golden hamster (Mesocricetus auratus). In this experiment, EEG was not measured, but hamsters were provided with running wheels to record individual locomotor activity rhythms and killed at different phases of the circadian cycle after a minimum of 2 weeks in constant light (LL; 200-300 lux). The proportion of Fos ϩ /nNOS-ir neurons was very high early in the inactive phase (CT3), when high levels of NREM sleep and SWA have been described in the golden hamster (18) , and decreased across the inactive phase with the lowest proportion of double-labeled cells observed early in the ''subjective night'' (i.e., the active phase; CT12-CT15 in Fig. 3C ). Although we did not record EEG in this experiment, this temporal profile of Fos ϩ /nNOS-ir neurons can be expected to correlate with NREM delta energy; both NREM sleep and SWA are at their highest levels early during the inactive phase, and SWA exponentially decays during subsequent sleep in the inactive phase in this species (18) . A significantly higher proportion of Fos ϩ /nNOS-ir double-labeled cells was also observed in the hamster cortex during the latter half of the active phase (CT21 to CT0). Higher NREM delta energy might be expected at this time because longer sleep episodes occur late in the subjective night, since a sleep debt will have accumulated consequent to prolonged wakefulness bouts that occur earlier in the active period. (19) . Therefore, we conducted triple-labeling experiments of Fos, nNOS, and NPY in mouse cortex and found that Fos was expressed in neurons that stained for both nNOS and NPY, but was not found in neurons that stained only for NPY (Fig. 4A) .
To determine whether Fos is expressed in the cerebral cortex in other interneuron populations during RS, we stained for Fos and the calcium binding protein calretinin (Fig. 4B) . As described (20) , calretinin-ir neurons were present in all cortical layers but were more densely distributed in layers II/III. Some calretinin-ir neurons are known to express nNOS (21) , but the absolute number of calretinin-ir neurons in the cortex (22) is much higher than the number of nNOS-ir neurons (Fig. 2) (19) . In contrast to nNOS-ir cells, Fos expression in calretinin-ir neurons was very low during RS (Ͻ2% of the total number of calretinin-ir neurons throughout the cortex). Given the similar response of nNOS-ir neurons to RS among cortical regions (Figs. 1 and 2), these results suggest that nNOS is a unique neurochemical marker for a sleep-active cell population in the cerebral cortex.
Discussion
Using the immediate early gene Fos as a marker of neuronal activity (23), we have identified a cell type in the cortex in which the expression of Fos is induced during both spontaneous sleep and during RS after a period of SD. Fos expression in these neurons parallels SWA in three mammalian species but is most highly correlated with NREM sleep delta energy. The presence of sleep-active cells in the cerebral cortex was suggested by Mice were killed at four time points across the light/dark cycle; sleep/wake amounts and EEG SWA levels were calculated for the 2.5-h period before they were killed. Statistical comparisons were made among all groups; letters at the top of bars indicate significant differences (P Ͻ 0.05) compared with the time bins indicated [from left to right: a-d in mice (A and B) and a-h in hamsters (C)]. Thus, the amount of wakefulness was significantly higher in the dark period (shaded) at ZT14.5 than during the light period (nonshaded) at ZT2.5 or ZT8.5. Conversely, the amounts of NREM and REM sleep were significantly higher during the light (ZT2.5 and ZT8.5) than during the dark at ZT14.5. SWA was significantly lower at ZT8.5 than at ZT2.5, 14.5, or 20.5. (B) Although sleep amounts were similar at ZT2.5 and ZT8.5, the percentage of Fos ϩ /nNOS-ir cells was significantly higher at ZT2.5 than at ZT8.5 and thus paralleled the high levels of SWA. Across all groups, the percentage of Fos ϩ /nNOS-ir cells in the mouse cortex was highly correlated with NREM delta energy (the relationship is presented here as a semilog plot). (C) In hamsters killed after exposure to constant light for at least 2 weeks, the profile of Fos expression in nNOS-ir cells was similar to that in mice: The highest percentage of Fos ϩ /nNOS-ir cells was found at CT3 during the inactive phase when EEG SWA is high and the lowest proportion at CT9 -12 when EEG SWA is low. During the active phase, the proportion of Fos ϩ /nNOS-ir cells is low at CT15 and increases because sleep debt accumulates late in the active phase (CT21-24). Data are shown as mean Ϯ SEM. electrophysiological studies as early as 1964 (24) , but the phenotype of these ''nonpyramidal tract neurons'' has been unknown. Thus, the present study identifies nNOS as a phenotypic marker of cortical neurons that are likely to be sleep-active.
Since its introduction 20 years ago (25, 26) , Fos immunohistochemistry has become widely used in neuroscience as a marker of functional activity. Increased neuronal firing is typically accompanied by calcium influx and/or an increase in intracellular cAMP, leading to the phosphorylation of CREB, CREmediated c-fos transcription, and ultimately, translation of Fos protein (23) . Although this cascade provides the basis for using Fos as a functional marker, Fos can also be induced under conditions that are unrelated to changes in neuronal firing, such as during development, after seizures, hypoxemia or toxin treatment, and after lesions (23) . In previous studies, Fos expression has been found to correspond well with the patterns of neuronal firing during sleep and wakefulness in the hypothalamus (10, 27) and brainstem (28, 29) . Although the results of the present study are suggestive that cortical nNOS neurons may increase firing during sleep, it is possible that activation of Fos in nNOS neurons could reflect the well established role of nitric oxide in the regulation of blood flow. Cellular electrophysiological studies will be needed to determine the firing pattern of nNOS neurons across arousal states.
To this point, sleep-active neurons have only been found in the preoptic area and BF (10), although a poorly defined region in the vicinity of the nucleus tractus solitarius has also been found to be sleep-active (30) (31) (32) . The sleep-active neurons in ventrolateral (10) and median (12) preoptic areas are known to be GABAergic and thus thought to play important regulatory roles in sleep by inhibiting wake-promoting, neuronal populations in the perifornical and posterior hypothalamus (10) (11) (12) (13) . Because the cerebral cortex is not typically thought to be a region involved in the regulatory control of sleep and wakefulness, the function of a sleep-active neuronal population in the cortex is not immediately clear. Given the correlation with NREM delta energy (Fig. 3B) , a parameter that integrates both NREM sleep amount and SWA (15) , attention is immediately focused on the slow waves that occur during NREM sleep.
SWA, the slow oscillation in the delta range of the EEG, is thought to be essential for the restorative function of sleep (1-6). SWA may facilitate synaptic consolidation or produce synaptic downscaling, thereby increasing signal-to-noise ratios in relevant neural circuits (6) . Slow waves originate from corticothalamic feedback loops that bring subsets of cortical neurons into mutually synchronous firing and pausing states (7, 8) ; the greater the number of neurons participating in a synchronous ensemble, the larger the amplitude of the delta wave in the EEG (7). However, the neuronal mechanisms of EEG coherence over large cortical areas are less clear. Because GABAergic nNOS-ir neurons send long-range projections within the cortex (19, 33) , form exclusively axodendritic connections with other neurons, and probably widely arborize in the layers in which their cell bodies are located (34), nNOS-ir neurons appear to be well suited to synchronize cortical EEG activity over large brain areas. In this regard, it is noteworthy that nNOS-ir cell bodies and their proximal dendrites receive both cholinergic (35) and serotonin inputs (36) , neurotransmitters that have historically been implicated in arousal state control.
Pharmacological studies have previously implicated nitric oxide and inducible NOS in sleep (37, 38) . However, the anatomical focus of these studies has been the BF rather than the cerebral cortex. Extracellular adenosine is known to accumulate in the BF with prolonged wakefulness (39, 40) . Prolonged waking activates inducible NOS in the BF which can cause adenosine release and thereby facilitate sleep (37) . From the current studies, it is uncertain whether activation of nNOS-ir cortical neurons during sleep is related to nNOS itself, or whether nNOS is simply a phenotypic marker for this sleep-active cell type. Because nitric oxide is involved in short-term dynamic variations of the strength of synapses of cortical networks (41) and levels of SWA differ between nNOS knockout and WT mice throughout the day (42), production of nitric oxide by cortical nNOS may indeed have a significant role in synchronization of cortical EEG activity.
Because the present results are correlative, we cannot determine whether activation of nNOS neurons is necessary for SWA generation or whether activation of nNOS neurons is secondary to high SWA or delta energy in the cortex. Selective lesions or manipulation of neuronal activity of cortical nNOS neurons will be necessary to evaluate a potential causal relationship between activity of nNOS cells and SWA generation. However, given the apparent activation of the nNOS-ir neurons during sleep in multiple species, the correlation of this activation with NREM delta energy, and the innervation of these cells by neurotransmitter systems previously thought to be involved in the sleepwake regulation, cortical nNOS-ir neurons may be a previously unrecognized cellular component involved in SWA and/or part of the neurobiological substrate of homeostatic sleep regulation. Dysfunction of nNOS-ir neurons or their activation during sleep may have implications for sleep disorders such as insomnia and, given the influence of sleep on mood (43), memory (2), and cortical plasticity (2), possibly other neurological and psychiatric disorders involving the cerebral cortex.
Methods
All studies were conducted in accordance with the principles and procedures described in the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committees at SRI International and the University of Washington.
Experiment 1: SD and RS in Rats.
Twelve male Sprague-Dawley rats (350 -450 g) were housed in separate cages in a room with a 12 h dark/12 h light cycle, with lights on at 07:00. The temperature in the room was maintained at 21-23°C. Food and water were provided ad libitum. No sooner than 1 week after surgery, the rats were connected for EEG and electromyography (EMG) recording (SI Methods, Experiment 1). Based on the visual observations and inspection of the EEG and EMG, rats were kept awake for 6 h (SD group: ZT2.5-ZT8.5; RS group: ZT0 -ZT6) by lightly tapping the cage or introducing novel objects into the cage. At the end of the 6-h SD period, the SD group (n ϭ 6) was administered an overdose of pentobarbital (150 mg/kg ip) and perfused transcardially with 100 ml of PBS, followed by 400 ml of phosphate-buffered 10% formalin (Sigma-Aldrich). The RS group (n ϭ 6) was allowed to sleep undisturbed for 2.5 h and then perfused according to the same procedure. All rats were perfused within an interval of 30 min so that the median time of perfusion was ZT8.5 for both groups.
Experiment 2: SD and RS in Mice.
Male C57BL/6 mice (n ϭ 12), aged 8 weeks, were maintained as described for the rats in Experiment 1. On the experimental days, mice were divided into two groups (SD and RS) and treated as described for rats in Experiment 1, except they were perfused transcardially with 20 ml of PBS followed by 20 ml of phosphate-buffered 10% formalin. Experiment 3) , male C57BL/6 mice (n ϭ 24) were placed in the recording environment with ad libitum food and water and maintained in an LD12:12 cycle throughout experimentation. Recording cables (Pinnacle Technologies) were attached to the cranial implants for at least 48 h before initiation of recordings. Digitized EEG (digitization rate 100 Hz) and EMG (digitization rate 200 Hz) were collected via the Embla 16-channel A10 hardware system and visualized and stored with the Somnologica Science software application. After baseline recording for a minimum of 24 h, mice were killed by an overdose of pentobarbital at ZT 2.5, 8.5, 14.5, or 20.5 (n ϭ 6 for each time group). All mice were perfused within a 30-min interval so that the median time of perfusion was ZT 2.5, 8.5, 14.5, or 20.5. Brains were removed and processed for Fos/nNOS immunohistochemical staining. Perfusions and histochemical procedures were as described in Experiment 2.
Sleep state classification and EEG spectral analysis were performed with the SleepSign for Animal software application (Kissei Comtec). EEG data were band-pass filtered (1-30 Hz), and EMG data were high-pass filtered (Ͼ10 Hz) for ease of visualization. Vigilance states were classified in 10-s epochs as wake, REM, or NREM sleep by individuals expert in rodent sleep state classification as described for rats in Experiment 1. EEG data were fast Fourier transformed in 10-s epochs. The average delta power (1-4 Hz) was summed for each NREM sleep epoch and averaged over all NREM sleep epochs. Baseline level of delta power was determined as an average of values calculated during the following four time intervals: ZT0 -ZT2.5, ZT6 -ZT8.5, ZT12-ZT14.5, and ZT18 -ZT20.5. To reduce within-group variability, the delta-power measures for each mouse were normalized by dividing them by the baseline level for that mouse. Sleep states as a percentage of time, NREM sleep delta power, and NREM delta energy were calculated from the 2.5 h preceding the animals' being killed. Whereas delta-power measurements are considered a measure of sleep intensity, NREM delta energy (delta power summed over all NREM epochs) is a measure that takes both NREM time and sleep intensity (SWA) into account (14, 15) .
Experiment 4: Spontaneous Rest-Activity in Hamsters.
Male golden hamsters (M. auratus) (Charles River) were individually housed and provided with running wheels. Locomotor activity rhythm data were collected and analyzed with ClockLab (Actimetrics). After 1 week under LD14:10 light/dark cycle, hamsters were released in constant dim light (LL; 200 -300 lux). After a minimum of 2 weeks in LL, hamsters were killed at one of eight phases of the circadian cycle (CT3: n ϭ 3; CT6: n ϭ 5; CT9: n ϭ 3; CT12: n ϭ 4; CT15: n ϭ 3; CT18: n ϭ 3; CT21: n ϭ 3; CT24/0: n ϭ 4). Hamsters were deeply anesthetized with pentobarbital (20 mg per 100 g of body weight; i.p.) and perfused with 25 ml of heparinized 0.01 M PBS followed by 100 ml of cold 4% paraformaldehyde in 0.1M phosphate buffer. Brains were postfixed overnight at 4°C.
Histochemical Techniques. Brains were removed, fixed for 4 h in formalin, equilibrated in PBS with 30% sucrose, and stored at 4°C. For rats, coronal sections encompassing the area between 0 mm and Ϫ5 mm from bregma were cut at 40 m on a freezing microtome. For mice, the entire brain was cut at 40 m. Hamster brains were cut at 40 M on a cryostat.
Brain sections were treated with 1% H 2O2 for 15 min to quench endogenous peroxidases and then incubated overnight in rabbit-anti-cFos antisera (1:15,000; Calbiochem) at room temperature. Tissue was then rinsed in PBS, incubated in biotinylated donkey anti-rabbit IgG (1:500; Jackson ImmunoResearch) for 2 h at room temperature, incubated with peroxidase-conjugated avidin-biotin complex (ABC; Vector Laboratories) for 1 h, and followed by the addition of 0.05% diaminobenzidine tetrahydrochloride and 0.01% H 2O2 with 1% NiSO4 to produce a black reaction product in cell nuclei. The sections were then incubated in mouse anti-nNOS monoclonal antibody (1:5,000; Sigma-Aldrich). Specificity of this nNOS monoclonal has been described (44, 45) . Tissue was rinsed in PBS, incubated in biotinylated donkey anti-mouse IgG (1:500; Jackson ImmunoResearch) for 1 h at room temperature, incubated with biotin-conjugated alkaline phosphatase (ABC-AP) for 2 h (Vector Laboratories), washed again, and reacted in a working solution of Vector Red substrate (VectorR Red AP Substrate Kit I; Vector Laboratories) to produce a red reaction product. All tissue was mounted on gelatin-coated slides, dehydrated in ascending concentrations of ethanol, delipidated in xylenes, and coverslipped. Dilutions of all antibodies was done in 5% donkey serum (Jackson ImmunoResearch), PBS, and 1% Triton X-100. Fos/calretinin double staining was done according to a similar protocol by using rabbit anti-calretinin antibody (1:1,000; Fisher Scientific), except that diaminobenzidine tetrahydrochloride without NiSO 4 was used to produce the second label (brown staining).
In the triple-label study, mouse brain sections were first stained for Fos by using the ABC/DAB-Ni method and then processed for nNOS/NPY doublefluorescence labeling. Mouse brain sections were incubated overnight in mouse anti-nNOS (1:5,000; Sigma-Aldrich) antibody at room temperature. Tissue was rinsed in PBS, incubated in biotinylated donkey anti-mouse IgG, rinsed in PBS, and incubated in Alexa Fluor 594 streptavidin conjugate (1:500; Invitrogen). Tissue was again rinsed in PBS and incubated in the rabbit anti-NPY (1:1,000) antibody. Tissue was rinsed in PBS and incubated in Alexa Fluor 488 donkey anti-rabbit IgG (1:500; Invitrogen) for 2 h at room temperature. Tissue was then mounted on gelatin-coated slides and coverslipped by using Fluoromount mounting media (Electron Microscopy Sciences).
Cell Counts. Brain sections were examined under light microscopy (Leica DM5000B) equipped with a CCD video camera operating with a computerbased, anatomical-mapping and image-analysis system (StereoInvestigator; Microbrightfield). A single examiner, blind to treatment conditions, performed cell counts. The regions for nNOS cell counting were selected by outlining the cortex and caudate-putamen bilaterally at low power magnification (ϫ5 objective). For the lateral hypothalamus, the specific counting region was mapped by placing a 750 ϫ 500 m grid dorsal to the fornix at low power magnification (ϫ5 objective). The selected regions were then scanned at high magnification (ϫ20 objective) for the presence of Fos-positive (Fos ϩ ) and Fos ϩ /nNOS double-labeled neurons. Neurons were considered to be Fos ϩ if they contain black Ni ϩ -DAB reaction product that was darker than a visually established threshold. nNOS cells were counted in brain sections at locations Ϫ2.0 mm, Ϫ2.8 mm, and Ϫ3.6 mm from bregma in rats; at the locations ϩ1.0 mm, Ϫ1.5 mm, and Ϫ3.0 mm from bregma in mice; and at the locations 0 mm, Ϫ1.7 mm, and Ϫ2.5 mm from bregma in hamsters. The counts were averaged and used for further statistical analysis.
Statistical Methods. Data were analyzed by using one-way ANOVA and the Student-Newman-Keuls posthoc test. Data were presented as means Ϯ SEM. Differences were considered significant at P Ͻ 0.05. Surgical implantation of EEG and EMG electrodes. Rats were anesthetized (isoflurane 1-4%), the fur was shaved from the top of the head, and then placed into a stereotaxic apparatus. Stainless steel screws were screwed into the skull (Ϯ2 mm from midline, ϩ3 mm and Ϫ6 mm from bregma) and served as EEG electrodes. The screws were attached to Teflon-coated stainless steel wires. Multistranded twisted stainless steel wire electrodes were sutured bilaterally in the neck muscles for recording of the electromyogram (EMG). EEG and EMG leads were attached to small connectors and affixed to the skull with dental acrylic. Incisions were closed with silk suture and antibiotics administered topically. At the end of the surgical procedure, Buprenorphine was administered as a long-lasting analgesia (0.01 to 0.05 mg/kg SC), and the animals were allowed to recover for at least one week. EEG and EMG data collection and analysis. EEG and EMG recordings were conducted for a minimum of 32.5 h, encompassing the day of SD (and recovery, if appropriate), and the preceding baseline day. EEG data were digitized at 100 Hz with a 1-30 Hz band-pass filter, and EMG was integrated using a 10-100 Hz band-pass filter. Vigilance states were classified in 10-s epochs as wake, rapid eye movement (REM), or non-REM (NREM) sleep using the SleepSign for Animal program (Kissei Comtec). Wakefulness was identified by the presence of desynchronized EEG and high EMG activity. NREM sleep consisted of high-amplitude slow waves together with a low EMG tone relative to waking. REM sleep was identified by the presence of desynchronized EEG and/or activity coupled with low EMG relative to NREM. The amount of time spent in wakefulness, NREM, and REM sleep was determined for each hour between ZT0 and ZT8.5 on both the baseline day and the day of SD. NREM sleep delta power (1-4 Hz) was computed during the same time period using a fast Fourier transform. Artifacts were eliminated from analysis by visual inspection and an artifact-marking algorithm. Delta power values were averaged across all artifact-free NREM sleep epochs every 5 min during the 2.5-h period (ZT6 to ZT8.5) of the baseline and SD days. and EMG electrodes. Male C57BL/6 mice (n ϭ 24), aged 8 weeks, were anesthetized and surgically prepared with a cranial implant for EEG and EMG recording (Pinnacle Technologies). Frontal (1.5 mm lateral from midline, 1.5 mm anterior from bregma) and parietal (1.5 mm lateral from midline, 5 mm posterior from bregma) leads were used for EEG recording, and nuchal leads separated by roughly 5 mm were used for EMG recording. Other aspects of the surgical procedure were as described for rats above, except the postsurgical recovery period was a minimum of two weeks. S1 . Schematic illustrating the experimental design for the four experiments. In Experiments 1 and 2, animals (rats in Experiment 1; mice in Experiment 2) were killed after SD for 6 h (SD group) or after SD for 6 h followed by a 2.5-h period of RS (SDϩRS). The initiation of SD in each group was adjusted so that all animals were killed at ZT8.5 (8.5 h after light onset). In Experiment 3, mice were killed at four times of day distributed across the light/dark cycle. In Experiment 4, hamsters were released into constant conditions (dim light; 200 -300 lux) for at least two weeks. By using the onset of wheel running activity as a circadian phase marker, hamsters were killed at one of eight circadian times. Arrows indicate the times when animals were euthanized. Details of the experimental procedure are described in the Methods section. Fig. 3B ), the total number of nNOS-ir cells did not differ between the four groups of mice. For each animal, the nNOS-ir neurons per section value was calculated by dividing total number of nNOS-ir neurons counted in all brain sections by the number of the brain sections.
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